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TVansducOT and electronic device 



The invention relates to an electromechanical transducer for transducing an 
electrical input signal into an electrical output signal, the transducer comprising a substrate, 
an electricaUy conductive resonator element attached to the substrate, the resonator element 
extending in a longitudinal direction having a length 1, an electrically conductive actuator 
able to receive an electrical actuation potential difference with respect to the resonator 
element for elastically deforming the resonator element, the actuation potential difference 
being a function of the input signal, the elastic deformation comprising a change dl of the 
length, the resonator element being part of a circuit which is able to provide the output signal, 
the output signal being a function of the change dl of the length 1. 

The invention relates further to an electtronic device comprising a signal 
processor operating with a clock signal, and a transducer according to the invention for 
providing the clock signal. 



The article "A 12 MHz micromechanical bulk acoustic mode oscillator" by T. 
Mattila et al.. Sensors and Actuators A. volume 101, page 1-9, 2002 discloses an 
electromechanical transducer. 

Such a transducer is able to transduce an electrical input signal into an 
electrical output signal. It comprises a resonator element which is a beam extending in a 
longitudinal direction having a length 1 of /um dimensions. The beam is clamped to the 
substrate at its central part and, except for this central part, it is free to move with respect to 
the substrate, i.e. it can be deformed in, e.g., the longitudinal direction. The motions of the 
beam away from its equihbrium position are counteracted by an elastic force. This elastic 
force and the mass of the resonator element determine the eigenfrequency of the resonator 
element. 

The known transducer comprises an electrically conductive actuator for 
inducing an elastic deformation of the resonator element. The actuator has two electrodes 
with surfaces facing the beam at its outer ends in the longitudinal direction. The actuator can 
be provided with an elecliical actuation potential difference with respect to the resonator 
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element, the actuation potential difference being a fimction of the ii^ut signal. In the kno\m 
transducer, the actuation potential difference comprises an AC component and a DC 
coroponent, the AC component being the input signal. 

The surfece of the electrodes and the outer ends of the resonant element 
5 constitute a capacitor. When an actuation potential difference is appUed, they therefore exert 
an electrostatic force on each other leading to an elastic deformation of the beam. This elastic 
deformation comprises a change dl of the length 1. Due to this elastic deformation the 
distance between the electrodes and the outer ends of the beam constituting the c^acitor, 
which is often referred to as the g^ g, changes and additional charges are induced on the 
1 0 outer ends of the beam. 

The resonator element is part of a circuit in which these induced charges are 
measured m order to generate an electrical output signal which is a function of the change dl 
of the length 1. The amount of induced charges and thus the amplitude of the output signal 
depends on the size of the g^ g and therefore, on the defonnation of the beam: the smaller 
15 the gap, the larger the signal Therefore, the output signal can be used to capacitively measure 
the change dl of the length 1. 

^*^®^ea3iy"^aB^g-fee-eleetrieal-^etuation-potential-differenee-leads-to-^ 



periodical deformation of the beam. When the electrical actuation potential difference is 
changed with a frequency which substantially matches with an eigenfrequency of the beam, 
20 the beam is brought into mechanical resonance which leads to a relatively large deformation 
and a correspondingly large output signal. 

It is a disadvantage of the known transducer that the output signal is relatively 



small. 



It is an object of the invention to provide a transducer, which is able to provide 
a relatively lafge output ^gnal. 

The invention is defined by the independent claims. The dependent claims 
define advantageous ^bodiments. 

According to the invention the object is reaUzed in that the resonator element 
constitutes a resistor with an ohmic resistance R which is a function of the change dl of the 
length 1, the output signal being a function of the resistance R. 

The transducer according to the invention has a circuit which comprises the 
resonator element constituting a resistor. The resistor has a resistance R which is a fimction 
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of the elastic deformation dl. It may comprise, e.g., any type of a piezoresistive material. The 
circuit is able to provide an output signal which is a function of the resistance R and hence, of 
the change dl of the length 1. The output signal may be obtained, e.g., by measuring the 
resistance R. The resistance R may be measured by various techniques known in the art. In 
one embodiment the voltage drop V over the resistor is measured by monitoring the electrical 
potential difference between a measurement area that is electrically connected to the circuit, 
and a reference area. The positions of the measurement area and the reference area are not 
critical as long as their mutual electric potential difference is at least partly determined by the 
voltage drop over the resistor. In another embodiment the circuit is provided with a constant 
voltage and the current I through the resistor is measured. 

In the transducer according to the invention the resonator element can be 
deformed by capacitively coupling it to the actuator analogously to the known transducer. In 
contrast to the known transducer, the transducer according to the invention exploits the 
piezoresistive effect for measuring the deformation. This capacitive excitationnresistive 
detection scheme is more sensitive than the known capacitive excitation- capacitive detection 
scheme, in particular for transducers with a relatively high eigenfrequency. It can be shown 
that the oulput signal of a transducer according to the invention is more than a factor of 100 
larger than that of the known transducer provided that both transducers have the same 
dimensions and that both are provided with the same actuation potential difference as the 
known transducer. 

When designing a transducer with a higher eigenfrequency. the resonator 
element has to be smaller and stiffer. In this case, the output signal of the known transducer 
becomes smaUer because it scales linearly with the width and the height of the resonator 
element. In contrast to this, the relative change of the ohmic resistance dR/R and hence the 
output signal of the transducer accordmg to the invention are independent of the resonator 
dimensions as long as the shape of the resonator element, i.e. liie ratios of the length over the 
thickness and of the length over the width are maintained. This feature of the transducer 
according to the invention forms an important additional advantage because it allows for 
manufacturing a transducer with a relatively high frequency which is able to provide a 
relatively large signal. 

The transducer according to the invention further has the advantage that the 
output signal is less dependent on the size of the gap g: the output signal of the known 
transducer scales with 1/g^ whereas the output signal of the transducer according to the 
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invention scales with Therefore, in the transducer according to the invention often larger 
g£qps can be used. 

It should be noted that the inv«ition is not limited to beam shaped resonator 
elements as will be shown by examples discussed below. Neilber it is essential that the 
resonator element is attached to the substrate in the central part. The only requirements for a 
resonator element of a transducer according to the invention are that it extends in a 
longitudinal direction having a length 1, the elastic deformation comprises a change dl of the 
length 1, and that the resonator element is part of a ckcuit in which it constitutes a resistor 
with an ohmic resistance R which is a function of the change dl of the length 1. 

The invention e3q>loits the insight that the output signal in the resistive 
detection scheme is particularly large when the resonator element extends in a longitudmal 
direction having a length and when the elastic deformation comprises a change of the length, 
the ohmic resistance R being a function of the change dl of the length 1. In this- case the 
elastic deformation comprises a bulk mode of the resonator element. The ohmic resistance is 
in first order a linear function of the change of the length and hence of the elastic 
deformation. This results in a relatively large output signal. 

fe-6onfeast4o-^sHfee-ou1put-signaais-Felativ«ly-smaU-f0^resoHator-eIe^^ 

that are operated in a so-called flex mode. In this case, the resonator element may be attached 
to the substrate, e.g., at one outer end, the other outer end being free. When such a resonator 
element is bent, the length of the resonator is in first order unchanged and the signal is 
therefore, relatively small. Alternatively, the resonator element may be attached to the 
substrate at two points, e.g., its two outer ends. In this case the length does change with the 
elastic defomiation, but the transversal elongation x is not linearly proportional to the 
electrostatic force F. It can be shown that the force F is related to the transversal elongation x 
via F=krx + krx^ where ki describes the bending which analogously to the single sided 
clamped beam does not contribute to the change in the ohmic resistance, and kj describes the 
change of the length which does change the resistance of the resonator element. This shows 
that a double clamped resonator element operated in a flex mode can be read out in the 
resistive detection scheme only in the nonlinear regime, i.e. the output signal scales with x^ 
As a consequence of the nonlinear operation, the output signal is relatively small and the 
energy loss is relatively high resulting m a relatively small Q factor. The Q factor is an 
important parameter as it determines how well defined the eigenfrequency of the resonator 
element is: the larger the Q factor, i.e. the lower the energy loss, the better defined the 
eigenfrequency. It also determines the ampUtude of the periodic deformation: the larger the Q 



PHNL021201EPP 



5 09.12.2002 
factor, the larger flie deformatioru Thus, a relatively large Q factor yields a relatively large 
output signal at a relatively well-defined firequency. 

From the article "CMOS chemical microsensors based on resonant cantilever 
beams'* by D. Lange et al.. Proceedings of the SPIE conference on smart electronics and 
MEMS, vol. 3328, p. 233-243, 1998, it is known to exploit the piezoresistive effect for 
measuring the deformation due to bending of a cantilever in a chemical sensor. The 
cantilever of the chemical sensor is bent for inducing an elastic deformation, i.e. the elastic 
defoimation comprises a flexural mode. The length of tiie cantilever is in first order not 
changed during bending resulting in only a relatively small change of the resistivity and a 
corresponding relatively small signal. 

In an embodiment of the transducer the resonator element is constituted by a 
first part having a first length in the longitudinal direction and a second part having a second 
length in the longitudinal direction, the elastic deformation comprising a change of the first 
lOTgfh which is counteracted by a first elastic force, and a change of the second length which 
is counteracted by a second elastic force, the first elastic force and the second elastic force 
substantially compensating each other in a deformation firee part of the resonator element, the' 
resonator element being attached to the substrate in a support area comprised in the 
deformation firee part. 

In such a transducer the amount of mechanical energy flowing firom the 
resonator element via the support area into the substrate, i.e. the ©aergy loss is relatively low 
because the resonator element is attached to the substrate in a support area which is 
substantially firee of deformations. Therefore, this transducer has a relatively large Q factor 
and correspondingly a relatively large output signal at a relatively well-defined firequency. 

It is often advantageous if the resonator element is substantially mirror 
symmetric with respect to an imaginary plane perpendicular to the longitudinal direction and 
comprised in the deformation firee part. In this case it is possible to use a mirror symmetric 
actuator to induce a deformation such that the first elastic force and the second elastic force 
substantially compensate each other in tihe deformation firee part. 

It is also advantageous if the resonator element has a width in a width 
direction perpendicular to the longitudinal direction, the length being larger than the width. It 
is further advantageous if the first resonator element has a height in a height direction 
perpendicular to the longitudinal direction and to the width direction, the length being larger 
than the height. The larger the length with respect to the width and the height, the better 
defined is the eigenmode of the resonator element in which the first length and the second 
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length vary while tiie other dimensions are unchanged. It is then relatively easy to excite the 
resonator element in this eigemnode without at the same time exciting other eigemnodes 
involving the variation of other parameters of the resonator element. 

In a variation of the embodiment described above, the support area comprises 
5 a first resonator contact and a second resonator contact that is electrically comaected to the 
first resonator contact by a conductive path comprised in the resonator element, the 
conductive path comprising a point outside the deformation free part 

In such a transducer the resonator element constituting the resistor can be 
contacted conveniently because it is then not necessary to electrically contact the resonator 
) element in an area outside the deformation free part for obtaining a resistance which is a 
function of the variation of the length. This yields a relatively simple transducer. 

It is particularly advantageous if the resonator element has an outer end in the 
longitudinal direction, the point being at the outer end. In such a transducer the conductive 
path has a component in the longitudinal direction which is substantially equal to or even 
larger than the first length or the second length, respectively. Therefore, the change of the 
first lengfli or the second length, respectively, leads to a relatively large change in the length 
--^f-the-conductiverathrand-thus^o-anrelativel^rlarge-sr^^^^ 

element has a further outer end in the longitudinal direction, the conductive path comprising 
the pomt and a further point which is at the further outer end in that order. In this transducer 
the change of the first length and the second length leads to an even larger change in the 
length of the conductive path and thus to an even larger signal. 

In an embodiment the resonator element comprises a first material with a first 
electnc conductivity constituting the conductive path and a second material with a second 
electnc conductivity which is smaUer than the first electric conductivity, every path from the 
first resonator contact to the second resonator contact which is free from the point comprising 
the second material. 

The resistance of the resonator element is due to all paths connecting the first 
resonator contact to the second resonator contact. The resistance of a particular path in 
relation to the resistances of aU other paths detemiines how much this particular path 
contributes to the total resistance: a path with a relatively small resistance contributes to a 
relatively large extend to the total resistance whereas a path with a relatively large resistance 
contributes to a relatively small extend to the total resistance. By using a second material 
with a relatively low conductivity, the resistances of thepafhs which do not comprise the 
pomt IS mcreased resulting in a relatively small contribution to the total resistance. These 
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paths which do not comprise the point comprise amongst others those paths which are 
entirely enclosed in the deformation j&ee part and therefore do not lead to a resistance which 
is a function of the deformation. By using the second material, the contribution of the latter 
paths is reduced and the sensitivity of the transducer is increased. 

The lower the conductivity of the second material, the smaller the contribution 
of the paths which do not comprise the point outside the deformation free part It is therefore 
particularly advantageous if the second material comprises a dielectric material. Preferably, 
the second material consists of a dielectric material such as, e.g., silicon dioxide or any other 
dielectric used in semiconductor device manufacturing. Alternatively, the second material 
may comprise a gaseous material or vacuum. Such materials have good isolating properties 
and are easy to include in the resonator element. 

The first material may comprise any material which has a conductivity which 
depends on its deformation. It may comprise all types of metals such as, e.g., copper, 
aluminum or tungsten. Favorable results are obtained with silicon and other semiconducting 
materials because these materials have a resistivity which varies relatively strongly as 
function of the change of the length. 

In another embodiment the resonator element is included in a Wheatstone type 
of electric circuit. This circuit electrically connects a first contact area to a second contact " 
area via a first connection and via a second connection arranged parallel to the first 
connection, the first connection comprising the resonator element in series with a second 
resistor, the second connection comprising a third resistor in series with a fourth resistor, the 
resonator element and the second resistor being connected by a first electrical connector 
comprising the measurement area, and the third resistor and the fourth resistor being 
connected by a second electrical connector comprising the reference area. 

Such an electric device is similar to a Wheatstone bridge in which one of the 
four resistors comprises the resonator element. It allows for sensitively measuring the voltage 
drop over the resonator element Preferably, the resistances of the four resistors are similar 
because then the output signal comprises a relatively small DC component and a relatively 
large AC component which directly measures the deformation. Ideally, the four resistances 
are substantially identical when the AC component of the elecfaical actuation potential 
diff^nce is zero. 

It is advantageous if the Wheatstone type of electiic circuit comprises the first 
contact area and the second contact area, the first contact area being electricaUy connected to 
the second contact area via a first connection and via a second connection arranged parallel to 
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the firat connection, ttie first connection comprising the resonator element in series with a 
second resonator element, the second connection comprising a third resonator element in 
series with a fourth resonator element, the resonator element and the second resonator 
element being connected by a first electrical connector comprising the measurement area, and 
the third resonator element and the fourth resonator elanent being connected by a second 
electrical connector comprising the reference area, the second resonator element, the third 
resonator element and the fourth resonator element each being substantially identical to the 
resonator element. 

In this embodiment the second resistor comprises a second resonator elemait, 
the third resistor comprises a third resonator element, and the fourth resistor comprises a 
fourth resonator element, the resonator element, the second resonator element, the third 
resonator element and the fourth resonator element being substantially identical. 

The ou^ut signal in the transducer may be subjected to drift of the resistance 
of any of the four resistors due to, e.g., temperature fluctuations. When all four resistors 
comprise substantially identical resonator elements, this part of each resistor is changed in a 
similar way by fluctuations and therefore, the fluctuations of the output signal are relatively 
— «mall-I¥efefabl3^feeHf©urHFesistors-eaeh-eoaast-of-substantial^^^^^ 
because then they have substantially identical resistances which fluctuate substantially in the 
same way. The signal difference is then substantiaUy independent from the above mentioned 
fluctuations. 

In an embodiment the resonator element is situated between the first contact 
area and the second resonator element, the third resonator element is situated between the 
second contact area and the fourth resonator element, and a second electrically conductive 
actuator is present for elastically deforming the third resonator element The second actuator 
is able to receive a second electrical actuation potential difference with respect to the third 
resonator element. Thereby the second actuator can be capacitively coupled to the third 
resonator analogously to the coupling between the resonator element and Uie actuator 
described above. 

In this embodiment the output signal is increased when the second electrical 
actuation potential difference and the electrical actuation potential difference comprise a 
common AC component. The deformations of the resonator element and the third resonator 
element are then m phase. The deformation of the resonator element modulates the potential 
of the measurement area whereas the defomiation of the third resonator element modulates 
the potential of the reference area. Because the resonator element is situated between the first 



PHNL021201EPP 



10 



^ 09.12.2002 
contact area and the second resonator element, and the third resonator element is situated 
between the second contact area and the fourth resonator element, the modulations of the 
potential of the measurement area and of the potential of the reference area are in anti phase 
leading to a larger output signal. Preferably, the actuator and the second actuator are 
substantiaUy identical and provided with the same actuation potential difference. Jh this case 
the output signal is increased by a factor of two. 

In a variation of this embodiment, a third electricaUy conductive actuator is 
present for elastically deformmg the second resonator element, and a fourth electrically 
conductive actuator is present for elastically deforming the fourth resonator element The 
third actaator and the fourth actuator are able to receive a third electrical actuation potential 
difference with respect to the second resonator elemait and a fourfli electrical achiation 
potential difference with respect to the fourth resonator element, respectively. 

In this embodiment the ampUtude of the output signal is increased further. 
Preferably, the actuator, the second actuator, the third actuator and the fourth actuator are . 
15 mutually substantially identically. Preferably, the actuator and the second actuator are 

provided with substantially the same actuation potential difference whereas the third actuator 
and the fourth actuator are provided with a further electrical actuation potential difference 
which is identical to the electrical actuation potential difference but phase shifted by 90 
degrees. In this case the output signal is increased by an additional factor of two. This 
20 embodunent combines a relatively high fiequency with a relatively high output signal. 

It has the additional advantage that temperature fluctuations due to the heatmg 
of the resonator elements during operation average out. In general, a resonator element is 
heated during operation because it is mechanically deformed. This may change the resistance 
of the resonator element and lead to an unconh^lled change of the output signal. Smce m this 
25 embodhnent aU four resonator elements are deformed m the same way, the effect of this 
heatmg is compensated for and the uncontrolled change of the output signal is reduced. 

In an embodiment the transducer is provided with a positive feed back loop, hi 
operation, the elechical output signal is then locked to the eigenfrequency of the resonator 
element. This transducer may be used as an oscillator device able to produce an electrical 
signal with the eigenfrequency of the resonator element. This embodunent of the transducer 
is suited to replace bulk acoustic wave (B AW) generators such as quartz crystals or surfece 
acoustic wave (SAW) generators. The transducer accordmg to the mvention used as an 
oscUlator has the advantage that it is much smaUer than the known oscillators and that it can 
be mtegrated m mtegrated ckcuits. It is particularly suited for all apphcations where a small 
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size of the device is important such as, e.g., mobile phones and wrist watches or where the 
oscillator is to be integrated in an integrated circuit, e.g. in a television set or a radio. 

In another embodiment the resonator element comprises a JHrst resonator 
element and a second resonator element which is mechanicaUy coupled to the first resonator 
5 element by a coupling element. The actuator is able to receive the actuation potential 
difference to elastically deforming the first resonator element. Due to tiie mechanical 
coupling also the second resonator element is elastically deformed in operation. The second 
resonator element is part of the circuit which is able to provide the ou^ut signal. The output 
signal is a fiinction of the change dl of the length 1 of the second resonator element. The 
10 second resonator element constitutes a resistor with an ohmic resistance R which is a fimction 
of the change dl of the length 1 of the second resonator element The output signal is a 
fimction of the resistance R. 

Because the first resonator element and the second resonator element are 
coupled by the coTq)ling element, this transducer has a resonance with to poles leading to a 
15 broader resonance. By coiq)ling several resonator elements in a series and detecting the 

elastic deformation of the last one, a rather broad resonance can be obtained. Such a 
^-aBsdue^-4s-suited-as-a-%and-pass-filt 



It is advantageous to use the transducer according to &e invention in an 
electronic device comprising a signal processor operating with a clock signal. The transducer 

20 is suited for providing the clock signal and in this way it is possible to replace existing 

devices such as BAW and SAW generators providing the clock signal, thereby reducing the 
size of the oscillator and allowing for integration of the oscillator in an integrated circuit 
Such an electronic device may be, e.g., a mobile or wireless telephone, a base station for a 
mobile telephone, a receiver for receiving electix)magnetic signals comprising, e.g., a 

25 television signal or a radio signal, and a display device comprising a cathode ray tube such 
as, e.g. a television set or a monitor. All these electronic devices comprise a signal processor 
opemting with a clock firequency. 



These and oflier aspects of the hransducer according to the invention will be 
fiarther elucidated and described with reference to the drawings, in which: 

Fig. 1 is a top view of an embodiment of the transducer; 

Figs. 2A-2C are cross-sections of the transducer according to H-II in Fig. 1 at 
various stages of the manufacturing process; 
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Fig. 3 is aplot of the transmittance of the transducer according to the invention 
and that of the known transducer; 

Fig. 4 is a top view of another embodunent of the transducer; 
Figs. 5A and 5B are top views of two other embodiments of the transducer, 
5 Figs. 6A-6G are cross-sections of the transduce according to VI-VI in Figs. 

5 A and 5B at various stages of the manufacturing process; 

Fig. 7 is a schematic diagram of a further embodiment of the transducer; 
Fig. 8 is a schematic diagram of a yet another embodiment of the transducer; 

and 

1® Fig- 9 is a schematic diagram of an electronic device. 

The Figures are not drawn to scale. In general, identical components are 
denoted by the same reference numerals. 



"^e^lectromechanicaltransducerl shown in Fig. 1 comprises a substrate 10 
which is a siUcon wafer. Alternatively, substrate 10 may be a gaUium arsenic wafer or it may 
comprise any other semiconducting, metal or dielectric material. For transducers 1 designed 
for operation at frequencies above 10 MHz it is advantageous to use a substrate 10 
comprising a dielectric such as. e.g., glass because this reduces the loss of electromagnetic 
20 energy dissipated in the substrate. 

The transducer 1 further comprises an electrically conductive resonator 
element 20 which extends in a longitudinal dkection having a length 1. It is attached to the 
substrate 10 via support elements 21 and 22 which are connected to anchor elements 23 and 
24, respectively. The anchor elements 23 and 24 are afiBbced to flie substrate 10 as is shown in 
25 Fig. 2C. The resonator element 20 and the support elements 21 and 22 are free from the 
substrate 10 except for the connection via the anchor elements 23 and 24. 

The transducer may be manufactured, e.g., using a technique well known in 
the field of micro electromechanical systems (MEMS). In short, the substrate 10 is first 
provided with an oxide layer 1 1 on top of which a siUcon layer 12 is deposited, shown in Fig. 
2A. The SiUcon layer 12 is covered by a photosensitive resist, not shown, which is patterned 
by, e.g., Hthography. The patterned resist is then developed yielding the surface areas of the 
resonator element 20, the support elements 21 and 22, the anchor elements 23 and 24, and the 
actuator 30 shown in Fig. 1 covered by the resist while the remaining part of the surface is 
free of the resist. The surface partly covered by the resist is then subjected to etching which 
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selectively removes those parts of the silicon layer 12 which are not covered by the resist. 
The result of the etching is shown in Fig. 2B. Subsequently, the oxide layer 1 1 which is 
ejqjosed due to the previous etching is etched in a second etching st^. This etching step 
removes all exposed parts of oxide layer 11 and moreover some of the oxide adjacent to these 
parts. As a result of the second etching step, the central parts of silicon layer 12 in Fig. 2C are 
free from the substrate. They form the resonator element 20. At the same etching st^ also the 
oxide layer 1 1 under the support elements 21 and 22 is removed such that the resonator 
element 20 is attached to the substrate 10 only via the anchor elements 23 and 24. 

The resonator element 20 has two outer ends in the longitudinal direction. 
Each of the outer ends is faced by a respective electrode of the electrically conductive 
actuator 30. The actuator 30 is able to receive an actuation potential difference Vm with 
respect to the resonator element 20 for elastically deforming the resonator element 20. The 
actuation potential difference is a function of the input signal provided to the transducer 1. In 
addition to the input signal the actuation potential difference may further comprise, e.g., a DC 
component. The elastic deformation comprises a change of the length 1 by an amount dl 
shown in Fig. 1. 

Tbei»sonatorelement^04s^art-ofa-eir^it-wMch4s-abl&to-eonduet-aB 

electrical current through the resonator element 20. The resonator element 20 is electrically 
connected to the positive or negative pole of a DC voltage source Vdc via an auxiliary 
resistor 27, the anchor element 24 and the support element 22. The resonator element 20 is 
further connected to ground via the support element 21 and the anchor element 23. Therefore, 
the resonator element 20 is able to conduct an electrical current I. It constitutes a resistor with 
an ohmic resistance R which causes a voltage drop V when the resonator element 20 
conducts the electrical current L 

The resonator element 20 constitutes a resistor with an ohmic resistance R 
which is a function of the change dl of the lengtibi 1 because the resonator element 20 
comprises a central part 19 with open space. The resonator element 20 comprises two 
mutually parallel beams each of which is affixed to a support element 21 and 22, 
respectively. The two beams are connected with each other at the two outer ends by elements 
205. The central part 19 has been created during the Uthography step and the etching step 
described above. It prevents the current from flowing from the support element 22 to the 
support element 21 in a straight line. The current has to follow the conductive path formed by 
the resonator element 20. This conductive path extends in the longitudinal direction. 
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The circuit is able to provide an output signal which is a function of the 
change dl of the length 1 and which is a function of the resistance R. To this end the circuit 
comprises a measurement point 28 which is electrically connected to the circuit. It is situated 
between the auxiUary resistor 27 and the anchor element 24, and in operation it provides an 
electrical output signal which is the electrical potential difference Vout between the 
measurement point 28 and the reference point 29 which is connected to ground. 

In an alternative embodiment, not shown, the auxiUary resistor 27 is identical 
to the resonator element 20. This auxiUary resistor 27 is attached to the substrate 10 via 
anchor elements and support elements analogous to the resonator element 20. It is provided 
with an actuation potential difference by an actuator similar to the actuator 30. The actuation 
potential difference provided by this actuator with respect to the resonator element of the 
auxiUary resistor 27 is substantiaUy identical to that provided by the actuator 30 with respect 
to the resonator element 20. but shifted in phase by 180 degrees. In this embodiment the 
measurement point 28 situated between the auxiUary resistor 27 and the anchor element 24 
provides an output signal which is increased by a factor of two. 

In another alternative embodiment, not shown, the auxiUary resistor 27 is not 
situated between the voltage source and the anchor element 24, but instead between the 
anchor element 23 and the ground, hi this case the measurement point 28 is situated between " 
the auxiUary resistor 27 and the anchor element 23. 

hi yet another embodiment, also not shown, the DC voltage source Vdc and 
the auxiliary resistor 27 are omitted. The anchor element 24 is connected to the positive pole 
of a current source and the anchor element 23 is connected to the negative pole of the current 
source. The measurement point 28 is situated between the positive pole of the current source 
and the anchor element 24, and the reference point 29 is situated between the anchor element 
23 and the negative pole of the current source. Also in these embodiments the ou^ut signal is 
a function of the change dl of the length 1 as wiU be understood by those skilled in the art. 

The resonator element 20 is constituted by a first part 201 having a first length 
in the longitudinal direction and a second part 202 having a second length in the longitudinal 
direction. In the embodiment shown in Fig. 1 the first length is equal to the second length and 
given by 0.5-1. In another embodiment, not shown, the first length is different firom the 
second lengfli. It may be, e.g. 0.25-1. hi yet another embodiment, also not shown, the second 
part 202 is omitted. The elastic deformation comprises a change of the first length which is 
counteracted by a first elastic force Fi and a change of the second length which is 
counteracted by a second elastic force Fj. Because flie actuator 30 comprises two 
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substantially identical elojtrodes each of which is separated ftom an outer end of the 
resonator element 20 by substantially the same g, the first elastic force Fi and the second 
elastic force F2 substantially compensate each other in the deformation free part 203 which is 
situated in the middle of the resonator element 20. The resonator element 20 is attached to the 
substrate 10 via the support elements 21 and 22 in the support areas 204 comprised in the 
deformation free part 203. Jn this way the flow of mechanical energy is limited and the Q 
factor is relatively high, leading to a relatively large signal. 

The support area 204 comprises a first resonator contact 250 and a second 
resonator contact 260 that is electrically connected to the first resonator contact 250 by a 
conductive path comprised in the resonator element 20. This conductive path comprises a 
pomt P outside the deformation free part 203 and inside element 205. The resonator element 
20 has an outer end in the longitudinal direction and the point P is at the outer end. 

The resonator element 20 shown in Fig. 1 comprises a first material with a first 
electric conductivity constituting the conductive path and a second material with a second 
electric conductivity which is smaller than the first electric conductivity. In this embodiment 
the first material is silicon and the second material comprises a dielectric material which is 

-^.-Ihe-silicoiumayLcompriseci5!stalIine5iUconjrath^ 

[100]. 

Altematively, the transducer 1 may be encapsulated such that the second 
material comprises a low pressure gas with a pressure below 1 Pa which has the advantage 
that the central part 19 is substantially free from any contammation which otherwise may 
lead to unwanted electrical short circuits. In another embodiment described below the second 
material comprises a dielectric which is soUd. Because of the central part 19, every path from 
the first resonator contact 250 to the second resonator contact 260 which is fiee &om the 
point P comprises the second material. 

For a resonator element 20 with a length 1=360 /mi, a width b=8 /mi and a 
thickness t shown in Fig. 1 of l?=<i.67 /ttn and aheight h=10 /rni, the eigenfrequency of the 
beam is ^roxunately 12 MHz. The output signal normalized by the input signal, i.e. the 
transmittance of the transducer 1 accordmg to the mvention shown in Fig. 3 is more than a 
fector of 100 larger than that of the known transducer also shown in Fig. 3. Botii 
transmittances apply for a transducer with a gap g=l /tm and a DC component of the 
actuation potential difference of 100 V. 

In the embodiment of the transducer 1 shown in Fig. 4. the resonator element 
20a, which is identical to the resonator element 20 of Fig. 1, is mcluded in a Wheatstone type 
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of electric circuit The Wheatstone type of electric circuit comprises the first contact area 25 
and the second contact area 26. The fibrst contact area 25 is electricaUy connected to the 
second contact area 26 via a first connection and via a second connection arranged parallel to 
the first connection. 

The first connection comprises the support elements 21a and 22a and the 
resonator element 20a in series a second resistor which is constituted by a second resonator 
element 20b. The second connection comprises a third resistor which is constituted by a third 
resonator element 20c in series with a fourth resistor which is constituted by a fourth 
resonator element 20d. 

The resonator elements 20a, 20b. 20c and 20d are attached to the substrate 10 
via the anchor element 27a and 27b and the respective support elements 21a, 21b, 21c and 
21d, and 22a, 22b, 22c, 22d. 

The resonator element 20a and the second resonator element 20b are 
connected by a first electrical connector formed by the support elements 21a and 22b and by 
the anchor element 27a. The first electrical connector comprises the measurement point 28. ' 
The third resonator element 20c and the fourth resonator element 20d are connected by a 
second electrical connector formed by the support elements 21c and 22d and by the anchor 
element 27b. the second electrical connector comprises the reference point 29. The second 
resonator element 20b, the third resonator element 20c and the fourth resonator element 20d 
are each substantially identical to the resonator element 20a. Ideally, the support elements 
21a, 21b, 21c and 21d are substantially identical, and the support elements 22a, 22b, 22c and 
22d are substantially identical as well. 

The resonator element 20a is situated between the first contact area 25 and the 
second resonator element 20b. The third resonator element 20c is situated between the second 
contact area 26 and the fourth resonator element 20d. A second electrically conductive 
actuator 30c which is substantially identical to the actuator 30a, is present for elastically 
defonning the third resonator element 20c. The actuator 30a and 30c are able to receive 
substantially the same actuation potential difference with respect to the resonator element 20a 
and 20c for elasticaUy defomiing the resonator element 20a and 20c, respectively. 

The transducer 1 fiirther comprises a third electrically conductive actuator 30b 
for elastically defonning the second resonator element 20b, and a fourth electrically 
conductive actuator 30d for elasticaUy deforming the fourth resonator element 20d. The third 
actuator 30b and the actuator 30a, and the fourth actuator 30d and the second actuator 30c are 
connected to by connectors 31 which are designed to induce a delay of approximately 90 
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degrees for an AC signal with a frequency which is substantially identical to the 
eigenfrequency of the resonator element 20a. 

In another embodiment, not shown, the third actuator 30b and the fourth 
actuator 30d are omitted. In yet another embodiment, also not shown, the second actuator 30c 
is omitted as well. In a variation of this latter embodiment, the resonator elements 20b, 20c 
and 20d are replaced by ohmic resistors each of which preferably has a resistance 
substantially identical to the ohmic resistance R of the resonator element 20a. 

In another embodiment shown in Figs. 5A and 5B tiie resonator element 20 is 
attached to the substrate 10 via support elements 21 and 22 in a direction perpendicular to the 
main surface of the substrate 10. In these embodiments the central part 19 of resonator 
element 20 is filled with a dielectric such as, e.g., silicon oxide or silicon nitride. For 
relatively small central parts 19 with dimensions in the order of /mi or smaller, it is often 
difficult to create the open space 19 by etching without either leaving behind residuals of the 
etching agent or, when removuig the etching agent creating a contact between the two 
parallel beam forming the resonator element 20. By filling the central part 19 with a dielectric 
during the manufacturing process described below these difficulties can be avoided. 

fe-fee-emb©dim€iit-^hewj-in4ti^A-4he-Fes0nator-&lement-2-O-has-a-^reul^ 

sh^e with a radius r and it is radially surrounded by the actuator 30 constituting a ring 
shaped gap g. The actuator 30 is able to receive an electrical actuation potential difference 
with respect to the resonator element 20 for elastically deforming the resonator element 20 in 
the radial direction, i.e. in a contour mode. It should be noted that also this type of resonator 
element 20 extends in a longitudinal direction having a length 1: the longitudinal direction 
may be any radial direction and the length 1 m this direction is identical to the radius r. The 
elastic deformation comprises a change of the length dl, which is identical to the change in 
the radius dr. Such a resonator element is particularly suited for relatively high frequencies, 
e.g., above 10 MHz or even above 150 MHz. It has a relatively high Q factor which may be 
above 7000 or even higher. 

The resonator elemwit 20 is composed of ckcular shaped mutually parallel 
plates 18a and 18b whose outer ends are mutually electricaUy connected by a ring shaped 
element 205. Encapsulated by the circular shaped elements 18a and 18b, and by the rmg 
shaped element 205 is a circular shaped dielectric area which constiUites the central part 19 
of the resonator element 20. The upper circular shaped plate 18a and the lower circular 
shaped plate 18b are electrically connected to conductor 17a and 17b by support elements 21 
and 22, respectively. In this way the resonator element 20 constitutes an ohmic resistor with a 



PHNL021201EPP 



10 



15 



20 



25 



30 



^'^ 09.12.2002 
resistance R which is a function of the actual radius rfdr which coiresponds to the length 
i+dl. 

In an alternative embodiment shown in Fig. 5B the resonator element 20 is 
beam shaped. It is composed of rectangular shaped, mutually paraUel plates 18c and 18d 
whose outer ends in the longitudinal direction are connected by rectangular elements 205a. 
The parts of the rectangular plates 1 8c and 1 8d which are free from the rectangular elements 
205a are separated by a central part 1 9 which comprises siHcon nitride. In contrast to the 
embodiment shown in Fig. 5A the central part 19 is not entirely enc^sulated here. 
Analogous to the embodiment shown in Fig. 5A the transducer 1 further comprises 
conductors 17a and 17b and support elements 21 and 22 for contacting the resonator element 
20 to constitute a resistor. It further comprises actuators 30 similar to those shown in Fig. 1 . 

The transducer 1 shown in Figs. 5A and 5B may be manufactured by the 
following method. The transducer 1 according to VI-VI in Figs. 5A and 5B is shown at 
various stages of the manufecturing process in Figs. 6A-6H. The substrate 1 0 is first covered 
by a dielectric layer 1 1 which may comprise, e.g., silicon nitride. On top of dielectric layer 1 1 
conductor 17b is formed, e.g., by depositing a layer of polycrystalline siHcon which is 
patterned by Uthography and etching. The result of these steps is shown in Fig. 6 A. 

Subsequently, a further dielectric layer 102 of, e.g., siUcon dioxide is 
deposited and an opening 103a, shown in Fig. 6B, is created in it to expose a part of 
conductor 17b. Then, a fihn 104 of polycrystalUne siHcon is deposited to cover dielectric 
layer 102 thereby filling the opening 103a and creating support element 21. On top of fihn 
104 an additional dielectric layer is deposited of which the central part 19. shown in Fig. 6C. 
is formed using, e.g., lithography and etchmg. On top of this structure a further fihn 106 of ' 
polycrystalline silicon is dqjosited, shown in Fig. 6D. 

In a next step the resonator element 20 and the actuators 30 are formed from 
layers 104 and 106 and from the central part 19 by etching away the polycrystalline sihcon in 
all regions free of the resonator element 20 and the actuators 30, thereby defining the gap g. 
shown in Fig. 6E. On top of this stmctuie, a next dielectric layer 1 07 comprising silicon 
dioxide is deposited and an opening 103b. shown in Fig. 6F, is fonned in it to expose a part 
of layer 106 which is part of the resonator element 20. Then, an electricaUy conducting fihn 
of, e.g.. aluminum, tungsten, copper or polycrystalline sihcon is deposited to cover dielectric 
layer 104 thereby filling the opening I03b and creating support element 22. From this metal 
fihn conductor 17a, shown in Fig. 6G, is then formed by Uthography and etching. Finally, 
most parts of dielectric layers 102 and 107 are etched away, yielding the transducer 1 shown 
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in Figs. 5A and 5B, respectively. When manufacturing the transducer 1 shown in Fig. 5B 
which has a central part 19 jfilled with a dielectric matwial, it is essential that this dielectric 
material is different ftom that of dielectric layers 102 and 107 and that the latter layers can be 
etched selectively with respect to the dielectric material of the central part 19. For this reason 
the central part 19 is made of silicon nitride whereas layers 102 and 107 comprise silicon 
dioxide. 

The transducer 1 shown schematically in Fig. 7 comprises an amplifier 40 with 
an input terminal 41 which is electrically connected to the measurement point 28 of a 
transducer according to the invention. The amphfier 40 is able to amplify the AC component 
of the electrical signal provided by the meas\urement point 29 and to provide the amphjBied 
signal to the actuator 30. The amplifier 40 is provided with a phase shifter able to shift the 
phase of the ampUfied signal such that the amplified signal at the actuator 30 is in phase with. 
the deformation of the resonator element 20. In tins embodiment, the transducer 1 is thus 
provided with a positive feed back loop. In operation, the electrical output signal is therefore 
locked to the eigenfirequency of the resonator element 20. This transducer 1 may be used as 
an oscillator device able to produce an electrical signal with the eigenfrequency of the 

-resen^r-elemeat-20^- 

The transducer 1 shown in Fig. 7 can be used for providing an electric signal 
with a predetermined frequency which is equal to the eigenfi-equency of the resonator 
element 20. Alternatively, the transducer 1 shown in Fig. 1 or Figs. 5 A or 5B maybe used in 
which the actuator 30 is provided with an actuation potential difference fi:om a voltage source 
able to generate a signal Vin with an adjustable firequeaicy where this frequency is adjusted 
via a feedback circuit connected to the measurement point 28. 

The transducer 1 shown schematically m Fig. 8 comprises a first resonator 
element 20e and a second resonator element 20f Each of the resonator elements 20e and 20f 
is substantially identical to and attached to the substrate 10 in the same way as the resonator 
element 20 shown in Fig. 1. The first resonator element 20e and the second resonator element 
20f are mechanically coupled by a couplmg element 16 which is attached to these two 
elements and firee &om the substrate. The actuator 30 is arranged such that it is able to induce 
an elastic deformation of the first resonator element 20e. When the first resonator element 
20e is brouj^t mto resonance by actuator 30, it induces a resonant motion of the second 
resonator element 20f because of the coupling elements 16. The resonant motion of the 
second resonator element 20f can be detected using the resistive detection scheme described 
above. To this end the second resonator element 20e is part of Ihe circuit shown in Fig. 8 
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which is able to provide the output signal. The output signal is a function of the change dl* of 
the length 1' of the second resonator element 20£ The second resonator element 20f 
constitutes a resistor with an ohmic resistance R* which is a function of the change dl' of the 
length r of the second resonator element 20f, analogous to the transducer shown in Fig. 1. 
The output signal is a function of the resistance R\ Because the first resonator element 20e 
and the second resonator element 20f are coupled by the coupling element 16, the transducer 
1 has a broader resonance with relatively ste^ edges. By coupling several resonator elements 
20 in a series and detecting the elastic deformation of the last one, a rather broad resonance 
can be obtained. Such a transducer is suited as a filter. When it is provided with an electric 
inpMt signal Vjn as the actuation potential difference, it produces a detectable electrical outpvt 
signal at the measurement point 28 only for those input signal components having a 
fi:equency which is within the resonance of the transducer 1. For providing the electrical 
output signal the transducer 1 comprises an auxiliary resistor 27 analogous to the transducer 1 
shown in Fig. 1. 

The electronic device 50 shown in Fig. 9 comprises a signal processor 5 1 
oprarating with a clock signal. The clock signal is provided by the transducer 1 as shown in 
Fig. 1. 

In sunnnary, the transducer 1 comprises an electrically conductive resonator 
element 20 extending in a longitudinal direction having a length 1. It can be elastically 
deformed by an electrically conductive actuator 30 such that the elastic deformation 
comprises a change of the length dl. The resonator element 20 is electrically connected to a 
first contact area 25 and a second contact area 26 thereby constituting a circuit In this circuit 
the resonator element 20 constitutes a resistor with an ohmic resistance R which is a function 
of the laigth 1 + dl. The transducer 1 further comprises a measurement point 28 electrically 
connected to the circuit for providing an electrical signal which is a function of the resistance 
R. 

It should be noted that the above-mentioned embodiments illustrate rather than 
Ifanit the invraition, and that those skilled in the art will be able to design many alternative 
embodiments without departing fi-om the scope of the appended claims. In the claims, any 
reference signs placed between parentheses shall not be conshned as limiting the claim. The 
word "comprising" does not exclude the presence of otiier elements or steps than those listed 
in a claim. The word "a" or "an" preceding an element does not exclude the presence of a 
plurality of such elements. 
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CLAIMS: 



1 • An electromechanical transducer for transducing an electrical input signal into 

an electrical output signal, the transducer comprising: 
a substrate, 

an electrically conductive resonator element attached to the substrate, the 
resonator element extending in a longitudinal direction having a length, 

an electrically conductive actuator able to receive an electrical actuation 
potential difference with respect to the resonator element for inducing an elastic deformation 
of the resonator element, the actuation potential difference being a function of the iiq)ut 
signal, the elastic deformation comprising a change of the length, 

the resonator element comprising a resistor with an ohmic resistance which is a function of 
the change of the length, the output signal bemg a function of the resistance. 

2. A transducer as claimed in Claim 1, wherein the resonator element comprises 
a first part having a first length in the longitudinal direction, and a second part having a 
second length in the longitudinal direction, the elastic deformation comprising a change of 
flie first length which is counteracted by a first elastic force, and a change of the second 
length which is counteracted by a second elastic force, the first elastic force and the second 
elastic force substantially compensating each other in a deformation free part of the resonator 
element, the resonator element being attached to the substrate in a support area comprised in 
the deformation firee part. 

3. A transducer as claimed in Claim 2, wherein the support area comprises a first 
resonator contact and a second resonator contact that is electrically connected to the first 
resonator contact by a conductive path comprised in the resonator element, the conductive 
path comprising a point outside the deformation fi^ part. 

4. A transducer as claimed in Claim 3, wherem the resonator elemrait has an 
outer end in the longitudinal direction, the point being at the outer end. 
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5. A transducer as claimed in Claim 3, wherein the resonator element comprises 
a first material with a first electric conductivity constituting the conductive path, and a 
second material with a second electric conductivity which is smaUer than the first electric 
conductivity, every path firom the first resonator contact to the second resonator contact 

5 which is fi-ee fix)m the point comprising the second material. 

6. A transducer as claimed in Claim 5, wherein the second material comprises a 
• dielectric material. 

10 7. A transducer as claimed in Claim 1, wherein the resonator element is included 

in a Wheatstone type of electric circuit, the Wheatstone type of electric circuit comprises a 
first contact area and a second contact area, the first contact area being electrically connected 
to the second contact area via a first connection and via a second connection arranged parallel 
to the first connection, the first connection comprising the resonator element in series with a 
15 second resonator element, the second connection comprising a third resonator element in 
series with a fourth resonator element, the resonator element and the second resonator 

-elemeot-^eing^enHeeted-by-a-fijst-^leetrieal-eoBneetor-eomprising-a^^ 

tiie third resonator element and the fourth resonator element being connected by a second 
electrical connector comprising a reference point, the output signal comprising an electrical 
potential difference between the measurement point and the reference point, the second 
resonator element, the third resonator element and the fourth resonator element each being 
substantially identical to the resonator element. 

8. A ti:ansducer as claimed in Claim 7, wherein: 

the resonator element is situated between the first contact area and tiie second 
resonator element, 

the third resonator element is situated between the second contact area and the 
fourth resonator element, and 

a second electricaUy conductive actuator for elastically deforming the third 
resonator element is present. 

9. A transducer as claimed in Claim 8, wherein: 

a third electricaUy conductive actizator for elastically deforming the second 
resonator element is present, and 
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a fourth electrically conductive actuator for elastically deforming the fourth 
resonator element is present. 

10. A transducer as claimed in Claim 1, wherein: 

the resonator element comprises a first resonator element and a second 
resonator element, the first resonator element and the second resonator element being 
mechanically coupled by a coupling element, 

the actuator is able to induce an elastic deformation of the first resonator 

element, and 

the second resonator element constitutes a resistor with an ohmic resistance 
which is a function of the change of the length of the second resonator element, the output 
signal being a function of the resistance of the second resonator element. 



11. 



An electronic device comprising: 

a signal processor operating with a clock signal, and 

a transducer as claimed in Claim 1 for providing the clock signal. 
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ABSTRACT: 



The transducer (1) comprises an electricaUy conductive resonator element (20) 
extending in a longitudinal direction having a length (1). It can be elasticaJly deformed by an 
elecbically conductive actuator (30) such that the elastic defomxation comprises a change of 
the length (dl). The resonator element (20) is electricaUy connected to a first contact area (25) 
and a second contact area (26) tiiereby constituting a circuit. In this circuit the resonator 
element (20) constitutes a resistor with an ohmic resistance (R) which is a function of the 
length a+dl). The transducer (1) further comprises a measurement point (28) electrically 
comiected to tiie circuit for providing an electrical signal which is a function of the resistance 
(R). 
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